Abstract. This study seek to evaluate the potential of four BEs (Azotobacter, Azospirillum, Rhizobium and Arbuscular mycorrhizae fungi (AMF)) without complementary inorganic fertilizer in promoting plant growth and nutrient uptake in contrasting soil types. Field studies set up in completely randomized design (CRD) were conducted in Southwestern Nigeria using bambara groundnut Vigna subterranea (L.) Verdc. (Fabales: Fabaceae) as test crop sown on a sandy loam and clay loam alfisol. Result indicates that performance of inoculated BEs in improving bambara nut growth and nutrient uptake did not differ according to soil types. Promising results were obtained with all BEs with Rhizobium, AMF and Azospirillum showing exceptional performance respectively across all measured parameters. These BEs are recommended for adoption by local farmers in the study area to optimize bambara nut performance with the aim of reducing dependence on inorganic fertilizers and improving fertilizer use efficiency.
Introduction
Crop production in Sub-Saharan Africa (SSA) is becoming increasingly difficult as a result of drought and low soil fertility (Nyanmangara and Nyagumbo, 2010; Awopegba et al., 2017) . Excessive use of inorganic fertilizers has triggered several environmental problems such as release of greenhouse gases which depletes the ozone layer pollution of water resources, destruction of micro-organisms, and acidification of water and soil as well as leading to degrading of soil physical properties caused by low organic matter levels and nutrient imbalance (Nottidge, Ojeniyi and Aswalam, 2005; Akingbola et al., 2016) .
Increasing attention is being devoted to the negative impact of highinput agricultural systems and more studies are focusing on alternative methods of producing sufficient food in a sustainable and environmentally efficient manner. A variety of technological approaches have been investigated with the intention of cutting down fertilizer use and increasing fertilizer efficiency in different agro-ecosystems. These approach includes including breeding plant varieties with better nutrient uptake efficiency (Lynch and Brown 2001) , changing fertilizer application method and timing (Dunbabin et al., 2009) , and application of soil organisms with plant growth-promoting potential (Oladele and Awodun, 2014; Oladele, 2015; Oladele and Ayodele, 2017) .
Microbial bio-effectors (BEs), commonly called biofertilizers are gaining importance and can reduce the use of chemical fertilizers, being ecological friendly and products obtained from non-toxic sources (Sharma, et al., 2007) . The BEs fixes nutrients through the natural processes of nitrogen fixation, solubilizing phosphorus and stimulating plant growth through the synthesis of growth-promoting substances. These effects are based on different mechanisms, for example, the control of plant pathogens either by stimulation of the plant's defense mechanisms or by microbial antagonism, stimulating the plant's growth hormone production such as auxins or cytokinins indirectly or by producing directly hormone-like compounds (Oladele, 2015; . Some BEs helps to increase phosphatase activities in the soil and also have the ability to liberate P from soil colloids and minerals and from P-fertilizers (Jastrzebska et al., 2016) . Although BEs has shown the potential to promote plant growth, their performance could be affected by some biotic and abiotic factors. Furthermore, their introduction to soils could lead to competition with indigenous occurring microorganisms which sometimes limit the survival of introduced BEs (BuddrusSchiemann, 2010 ). This indicates that more studies are required to establish the conditions under which BEs can best show plant growth-promoting effects. Bambara nut is the second most important food legume and the third food crop, after maize and groundnut, grown by small-scale farmers in many African countries (Yao et al., 2015) . In recent years, the high price of meat and fish has led to increased cultivation of the legume as an excellent source of protein (19%) in developing countries (Baryeh, 2001; FAO, 2011) .Thus, the crop has the potential to improve malnutrition and boost food availability in Africa. It is particularly suitable for marginal soils where other leguminous crops cannot be grown, a factor that has further made it to assume higher status in sub-Saharan Africa (FAO, 2011) . Despite its high nutritional value and ability to replenish soil nutrients, bambara groundnut Vigna subterranea (L.) Verdc. (Fabales: Fabaceae) is still considered as one of the highly neglected and underutilized crop species in Africa (Dansi et al., 2012) .
Studies have shown the responsiveness of legumes to inoculation with BEs, however little or no study has been conducted on response of bambara nut to inoculation with BEs.
With this deficit in literature, we evaluated the potential of four BEs; bacteria BE: Azotobacter, Azospirillum, Rhizobium and the fungal BE arbuscular mycorrhizae fungi (AMF).
We applied all BEs individually in order to study their effect on bambara nut growth and nutrient uptake with the sole aim of selecting the best performing BE. We hypothesized that BE application will improve bambara nut growth and nutrient uptake through stimulation of growth hormones, nutrient fixation, solubilzation and mobilization of fixed nutrients in the soil.
Materials and methods

Description of location and experimental site
The 
Soil sampling and analysis
Routine soil analysis was carried out by collecting soil samples randomly from sectioned parts of each experimental field at a depth of 0-15 cm and bulked into a composite sample for the determination of the physicochemical properties of the soil prior to planting and after crop harvest. The soil samples were air dried, crushed and sieved to pass through a 2 mm sieve for determination of particle size analysis using the hydrometer method as described by Bouyoucos (1962) , Total nitrogen (TN) was analyzed using the macro Kjeldahl procedure as described by Jackson (1973) ; Soil organic carbon (SOC) was determined using the Walkley and Black procedure, soil pH was determined in soil/water ratio of 1:2 using a pH meter with glass electrode; Available phosphorus was determined by the Bray 1 method as described by Bray and Kurtz (1945) ; Exchangeable potassium (K), Calcium (Ca) and Magnessium (Mg) were determined by extraction with 1M ammonium acetate at pH 7.0 and the amounts of K and Ca in the filtrate were determined using a Corning flame photometer with appropriate filter, while Mg was determined by using a Perkin-Elmer Atomic Absorption Spectrophotometer.
Experimental design and layout
The land used for the experiment was ploughed and ridged. The trial was laid out in randomized complete block design (RCBD). The total area for each experimental field at the locations was 31 m x 13 m. The field was divided into three blocks. Each block (3m) consists of five main plots (5m per plot) with an alley of 1m in-between blocks and subplots.
Treatments include arbuscular mycorrhizal fungi (AMF) = T1, Azospirillum = T2, Azotobacter = T3, Rhizobium = T4, and control (No BEs) = T5. These treatments were randomly laid out sub-plots within the three blocks and replicated thrice giving a total of fifteen treatments. The BEs (Azotobacter, Azospirillium, Rhizobium and arbuscular myccorizzal fungi (AMF)) used in this study were sourced from the microbiological unit of the International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria. The test crop (variety T V S U 276) was also collected from the Legumes crop unit of the same institution. One seed of bambara nut was planted per hole on the ridge at a depth of 3-5cm and at inter and intra row spacing of 75 cm x 30 cm respectively. Emergence of the seedlings commenced seven days after planting. Crop management practices such as weeding and pest control was carried out as when due. However, there was minimal weed invasion at the experimental plots due to sowing of seeds on the ridges.
Seed inoculation
Seed inoculation with Azotobacter, Azospirillium, Rhizobium and AMF was carried out by dissolving 100 g of each of the inoculant in 20 mL of distilled water. The solution was divided into four parts. The test crop weighing about 500g was divided into four parts and each part was thoroughly mixed with each of the selected BEs inoculant in solution. Inoculated seeds were air dried overnight for 14 h and assigned randomly to the sub-plots in each block.
Leaf sampling and analysis
Leaf samples were collected on three plants per plot and mixed to form composite sample. Collected samples were oven-dried for 24 h at 70 °C, then ground in a Wiley-Mill. Tissue nitrogen content (N) was determined by microkjeldahl digestion method. Samples were dry ashed at 500 °C for 6 h in a furnace and extracted using nitric-perchloric sulphuric acid mixture for determination of phosphorus (P), Potassium (K), Calcium (Ca) and Magnessium (Mg) and Sodium (Na). The P content was determined using Vanadomolybdate Colorimetry Method, K by flame photometer, Ca and Mg by EDTA titration method (AOAC, 1947) .
Data collection
Data were collected on the following agronomic parameters: emergence count, establishment count, number of leaves at two weeks intervals (WAP), days to first flowering, days to 50% flowering, leaf length, leaf width, nodules count, number of lateral roots, tap root length and shoot and root weight (biomass). At maturity, two bambara nut plants were dug out per plot for nodules count, number of lateral roots, tap root length as well as root and shoot weight (biomass). The process involved initially wetting and digging of the soils around the plants to a depth of 50 cm with a cutlass making sure their roots were not disturbed. The plants were then pulled out gently, washed with water to remove soil particles on the roots, placed in polyethylene bags and transferred to the Department of Crop, Soil and Pest Management Laboratory for further analysis and observations.
Statistical analysis
Data collected were subjected to analysis of variance to determine effects of treatments on measured agronomic and nutrient uptake parameters using MINITAB statistical tool (17th edition). All data were checked prior to statistical analysis for the violation of ANOVA assumption, Tukey's HSD test was used to separate treatment means at (p ≤ 0.05).
Results
Soil physico-chemical properties
Result indicates that soil from both experimental site were moderately acidic ( Table 1 ). The pH value of the experimental site ranged between 5.56 to 5.86 which fall within the value considered suitable for the production of bambara groundnut according to Yao (2005) who reported the pH ranges most suitable for bambara nut cultivation, i.e. between 5 and 6.5 and should not be lower than 4.3 or higher than 7. Soils at both sites were low in SOC (Table 1) . The low SOC contents of both site is an indicator of poor water holding capacity and nutrient retention. Furthermore, TN and available P were found to be deficient at both locations beyond the critical limit. Other nutrients such as Ca, was low at Akure with a content of 1.90 cmol/kg while a value of 2.10 cmol/kg which is considered to be moderate was observed in Araromi. Low Mg content of 0.90 cmol/kg was observed in the two locations while moderate value of Na and K contents of 0.37 cmol/kg and 0.48 cmol/kg were observed at araromi. Exchangeable Na was low (0.2 cmol/kg) in Araromi and a moderate K content value of 0.39 cmol/kg was recorded ( Table 1) . Means are given with standard deviations of replicate measurements for soil (n = 3). *Textural class = Sandy loam. Table 2 shows that bambara groundnut leaves responded positively to BEs inoculation. The number of leaves were significantly (p < 0.05) enhanced by the various BEs inoculants over the uninoculated treatment. In Akure, at 2 WAP the highest number of leaves were recorded in treatment inoculated with Azotobacter and was significantly (p < 0.05) different from other treatments while the other treatments AMF, Azospirillium and Rhizobium recorded similar performance. At 4, 6 and 8 WAP all applied BEs showed similar trend in performance as they exerted no significant differences on the number of leaves but performed relatively higher than the control. However, at Araromi, at 2 WAP, the highest number of leaves was observed in the Azospirillium treated plots while no significant difference was observed amongst other applied BEs viz (AMF, Azotobacter and Rhizobium). At 4 WAP, there was no significant difference recorded in the performance of all BEs. At 6 WAP, the highest numbers of leaves were observed in Azospirillium and Rhizobium treated plots. At 8WAP, the performance observed in these BEs followed similar trend as observed in 6 WAP. 
Effect of BEs on number of leaves of bambara groundnut
Effect of BEs on seedling emergence, establishment, days to first flowering, days to 50% flowering and length of tap root at maturity
The result of the experiment showed that inoculation of bambara nut with BEs exerted no significant influence on parameters such as seedling emergence, seedling establishment, days to first flowering, days to 50% flowering and tap root length at maturity.
Effect of BEs on the terminal leaflet length of bambara nut at flowering
At both experimental sites, application of BEs influenced the terminal leaf length as significant increase (p < 0.05) in the BEs treated plot were recorded over the control throughout the growing period (Table 3) . At Akure, the longest leaves were observed in Rhizobium treated plots (6.16) followed closely by Azotobacter (6.07) as no significant difference was observed between the two BEs while AMF and Azospirillum showed similar trends in their performance. At Araromi, the longest leaf was observed in the plot inoculated with Azotobacter (6.28), while no significant difference was recorded in the performance of AMF and Rhizobium treated plots. Table 3 . Effect of BEs on below ground biomass and nodule formation of bambara groundnut.
Means in the same column followed by the same letter are not significantly different at (P < 0.05) according to Tukey's HSD test.
Effect of BEs inoculation on lateral root produced by bambara nut at maturity
Application of BEs exerted significant increase on the number of lateral roots produced by bambara nut (Table 3) . At Akure, all applied BEs viz (AMF, Azospirillum, Azotobacter and Rhizobium) showed similar trend in performance as no significant difference was observed amongst these treatments. However, at Araromi, the highest number of lateral roots (24.0) was observed in bambara nuts treated with Azospirillum, while the other three BEs showed similar trends in performance.
Effect of BEs on below ground biomass of bambara nut
At Akure, BEs exerted no effect on the bambara nut root weight as no significant difference was recorded between the inoculated bambara nuts and the un-inoculated bambara nut (Table 3) . However, at Araromi, the application of BEs significantly (p < 0.05) influenced the weight of bambara nut root. The highest root weight was observed in the AMF treated plot (0.66) followed closely by Rhizobium (0.59). The least performance was however observed in Azotobacter treated plot, while all applied BEs performed better and was significantly higher than the control (un-inoculated treatment). With respect to shoot weight, AMF treated plot (23.3) recorded the highest shoot weight at Akure followed by Azospirillum treated plot. However, values between this two BEs were statistically significant. Surprisingly, Azotobacter and Rhizobium treated bambara nuts did not higher shoot weight than the control. At Araromi, AMF also recorded the highest shoot weight which was significantly different while no significant difference (p < 0.05) was recorded amongst the other three biofertilizers (Azospirillium, Azotobacter and Rhizobium). However, all inoculated bambara nuts performed better than un-inoculated nuts.
Effect of BEs on nodule formation of bambara nut
Nodule formation in bambara nuts was significantly (p < 0.05) influenced by the applied BEs (Table 3) . BEs inoculation significantly increased the nodule formation of bambara nut over that of the control at the two experimental locations. However, no significant difference was observed in the performance of all BEs at Akure, while at Araromi, bambara nut with the highest number of nodules (16.2) was observed in the plot treated with Azospirillum. Table 4 , shows the general effect of BEs on bambara nut nutrient uptake. At Akure, Azospirillum inoculated bambara nuts performed better than other BEs as it recorded the highest value of N, P, K and Mg leaf content. Azotobacter had the highest value (8.67 cmol/kg) in Na content while the highest Ca mean value was recorded under Rhizobium. At Araromi, Azospirillum and Rhizobium had higher leaf N content when compared to the control treatment, while the highest P and Mg content were observed in Rhizobium inoculated bambara nuts. Azotobacter inoculated nuts had the highest leaf Ca content while there was no significant difference among all the BEs performance with respect to K and Na leaf content (Table 4) . Table 4 . Effect of microbial bio-effectors (BEs) on leaf nutrient content of bambara nut. *Means followed by similar letters are not significantly different according to Tukey's HSD test. 
Effect of BEs on Leaf nutrient content of bambara nut
Effect of BEs on soil nutrient status
At Akure, the highest level of soil pH, SOC and available K were recorded in Rhizobium treatment. The highest level of TN was observed in AMF while there was no significant difference in the level of available P observed in Azospirillium and Azotobacter. At Araromi, the highest soil pH unit was observed in Azospirillium. However, there was no significant difference between amongst AMF, Azospirillium and Rhizobium with respect to SOC. Similar trend as recorded in Akure was observed at araromi with respect to TN as AMF also had the highest TN level. Furthermore, there was no significant difference observed across levels of available K amongst all treatments. However, all treatments performed better than the control (no BEs) ( Table 5 ). Table 5 . Effect of microbial bio-effectors (BEs) on soil nutrient status after bambara nut harvest. *Means followed by similar letters are not significantly different according to Tukey's HSD test.
Discussion
Findings from our study showed that application of BEs influenced observed parameters such as; number of root nodules, number of lateral root, root and shoot weight, width and length of leaf at flowering as well as leaf numbers. This result is in agreement with the report of Smith and Read (1997), Ngakou (2007) , Ngakou et al. (2008; who also observed enhanced growth performance of plant inoculated with BEs.
This enhanced performance is attributed to increased nutrient uptake in inoculated plants. Furthermore, observed increase in number of leaves and delayed leaf shedding in bambara nuts inoculated with BEs in our study could be ascribed to production of phytohormones like indole acetic acid (IAA), gibberellins and cytokines as reported by Rao Bhaskara and Charyulu (2005) . This observation was in agreement with the previous findings of Senthikumar and Sivagurunathan (2012) and Priya and Geetham (2015) . On the contrary, inoculation of bambara nuts with BEs did not exert significant influence on establishment count, days to first flowering, days to 50% flowering, length of tap roots at maturity and seedling emergence count.
However, we observed that after sowing inoculated bambara nuts, germination occurred a week later although this was within the range of 7-15 days reported by Swanevelder (1998), or 7-10 days period reported as necessary for germination of bambara groundnut by Yao et al. (2005) . Our observation was also corroborated by Ngakou et al. (2012) . Furthermore, Brink et al. (2006) reported that flowering in bambara nut occurs within 30 to 55 days after sowing. The observation in this study was in agreement with this submission but in contrast to the observation of Ocran et al. (1998) who reported early flowering in bambara nut within 42 days which could have been induced by abiotic stress.
Inoculation of bambara nuts with BEs in our study did not influence days to 50% flowering. Days to 50% flowering as observed in this study was between 39 to 43 days after planting which corroborates the report of Berchie et al. (2010) which revealed days to 50% flowering at between 39-41 days after planting. However, this observation was in contrast to the findings of Ngaoku et al. (2012) which reported that day to 50% flowering for bambara nut varies with cultivars and the environmental condition of the growing area.
Inoculation of bambara nuts with BEs in our study did not significantly influence the tap root length and this result is in contrast to the findings of Priya and Geetham (2015) which reported an increase in the root length of plants inoculated with BEs. Findings from our study shows that bambara nuts inoculated with BEs, irrespective of the treatment had higher effective nodules than the un-inoculated bamabara nuts. This finding are in agreement with the report of Chibeba et al. (2015) , Siddiqui et al. (2014) , Naderifar and Daneshian (2012), Sarker et al. (2012) , Patra and Bhattacharyya (1997) .
Nodulation plays a critical role in N fixation by leguminous crops. Nodule growth and function require lightdependent photosynthate, which is an important parameter under study, since nodule is the main source of biological nitrogen fixation by plant growth promoting Rhizobacteria and AMF inoculants in legumes. However, observed nodule formation in un-inoculated bambara nuts although lower than inoculated nuts suggests the presence of native strains of BEs such as Rhizobacteria and Mycorrhiza fungi in the experimental soil. It is pertinent to note that these native BEs exerted less influence on nodule formation in the uninoculated nuts suggesting their less competitiveness than the introduced ones (Ngakou, 2007) . This also demonstrates the specific interaction existing between these microbial symbionts and the host plant.
The uptake or accumulation of nutrients like N, P and K reported in this study was in agreement with the findings of Baqual and Das (2006) and Qureshi et al. (2009) who all reported an increase in the content of N and P available in the soil, while Khosravi et al. (2009) reported an increase in soil and leaf N, P, K, Ca content. The trends in increased nutrients uptake observed in inoculated bambara nuts and subsequent increase nutrients in the soil may be due to the capability of the BEs to mobilize and transform essential nutrient elements in the soil from non-available form to available form through biological processes (Chandrasekar et al., 2005; Selvakumar, 2009 ) such as nitrogen fixation, solubilizing phosphorus and stimulating plant growth through the synthesis of growth promoting substances. El-Shanshorey (1995) also reported that BEs increased nutrient concentration and uptake by cereal crops, which lead to luxurious growth and better crop development.
The slight increase in all nutrient components observed in the control (uninoculated bamabara nuts) though lower than BEs inoculated nut could also be as a result of bambara groundnut ability to naturally fix atmospheric nitrogen. According to Baudoin and Mergeai (2001) , bambara groundnut as with all legumes is also capable of symbiosis with nitrogen fixing bacteria belonging to the genus rhizobium. The performance of introduced BEs could be explained by the fixation of nitrogen, production of plant growth promoters, decreasing ethylene production (although not determined in our study) and solubilisation of fixed minerals such as phosphorus (Karthikeyan et al., 2008) .
Thus, the effect of BEs in this study can be justified, at least partly, to the ability of BEs to help fix atmospheric nitrogen. The increase in soil pH after bambara nut harvest as observed in our study especially at akure was in agreement with the findings of Ngakou et al. (2012) . This slight increase in soil pH towards neutrality might suggest the fixation of H + ions to colloids following the transformation of non useable to useable form of phosphorus by the host plant as well as mineralization and subsequent release of basic cations trapped in the soil (Ndéye, 2002) . The slight increase in SOC as observed in this study especially in Rhizobium, Azospirillum and AMF treatments are in agreement with the findings of Dębska et al. (2016) who reported significant changes in quality and quantity of SOC in soils used to grow crops continuously inoculated with BEs. However, this was in contrast to the findings of Ngakou et al. (2012) which reported slight decrease in organic matter content.
Conclusion
We have observed in our experiment, that differing soil types had no influence on BEs performance. Of all tested BEs, Rhizobium, AMF and Azospirillum respectively were the most promising exerting their influence on bambara nut growth, biomass production and nutrient uptake. The mechanisms behind bambara nut performance could be ascribed to improved root growth (volume of soil explored for nutrients uptake), fixation of N and mobilization of nutrients such as P induced by introduced BEs. Future studies should focus on complementing BEs with organic and inorganic fertilizers, selecting compatible BEs strain with fertilizers and how this combination interacts with crop and soil properties. Furthermore, elucidating mechanisms behind BEs performance together with new studies focusing on more diverse soils will provide insights on how to successfully adopt BEs for sustainable crop production.
